Novel spherical aberration (Cs) and chromatic aberration (Cc) correctors, which correct aberrations using a new principle, were developed. The asymmetric Cs correctors were designed for use in the probe-and imageforming systems at 300 kV to diminish undesired parasitic aberrations. The correctors composed of non-equivalent multipoles connecting with a demagnifying transfer doublet in the system. The axial aberrations were corrected well up to the fifth order except 6-fold astigmatism (A 6 ) experimentally. Next, we developed superior Cs correctors for probe-and image-forming systems of low voltage microscope that uses triple dodecapoles to correct 6-fold astigmatism (A 6 ). An important feature of this system is the rotation of the 3-fold astigmatism azimuth at the second dodecapole. The optimum rotation of the three hexapole fields for the compensation of A 6 was derived from theoretical calculations. The experimental results confirmed the compensation of A 6 and the third-order Cs. Finally, a unique Cc corrector, which utilized the concave lens effect formed by a long quadrupole field, was designed. The performance of the Cc corrector was investigated using a 30-kV transmission electron microscope. The results confirmed that Cc correction was achieved.
Introduction
Electron optics has undergone technological innovations over the last two decades. This technique is an aberration correction, that is corrections of spherical aberration and chromatic aberrations. In 1936, Scherzer proved that the coefficient of a spherical aberration (Cs) and coefficient of a chromatic aberration (Cc) of charged particles in a static round lens system are always positive when the particles travel though a charge-free region [1] . This leads that it is impossible to compensate for these aberrations with an electron-optical system composed of round lenses. So far, the pioneering efforts for a transmission electron microscope (TEM) and a scanning TEM (STEM) by Scherzer [2] , Hawks [3] , Beck [4] and Crewe [5] to compensate Cs and/or Cc were proposed and examined using a multipole that generates a (n)-fold symmetric field.
According to Laplace field theory, the (n)-fold symmetric field generates an (n)th-order potential field. The deflection power for charged particles is proportional to the derivative of the potential. Therefore, if the multipole field is sufficiently thin, the ideal (n)-fold symmetric field can generate the (n − 1)th-order aberration that is called (n)-fold astigmatism. One example of this is the 4-fold symmetric field (octupole field) that generates a third-order 4-fold symmetric astigmatism. To correct the Cs in this system, line focus optical system composing two quadrupoles and two octupoles is required. The divergent force of the correction must be only applied on the line focused beam of longer diameter.
On the other hand, for thick multipole fields, the (n)-fold symmetric field can generate strong (n)-fold astigmatism and weak round aberration of (2n − 3)th-order due to a combination aberration effect. The combination aberration effect results from a long continuous field that generates a deflection power with an order that is greater than that of the field. Crewe and Kopf [6] have shown theoretically that a long hexapole that generates a second-order deflection field in 3-fold symmetry results in a third-order divergence in rotational symmetry. This idea was first proposed by Beck [4] and results in the generation of a negative Cs using a hexapole field. Successful Cs correction in TEMs was reported in 1990 [7] and 1995 [8] using a system comprising two hexapoles connected by a transfer doublet. This hexapole corrector is now commonly used in TEMs. The aberration is corrected at the plane, which is the conjugate of the back focal plane of the objective lens (OL). Both the x and y trajectories are corrected at the same z position. It means that this aberration correction system does not require the line focus optical system.
Cs correction has been realized in commercial TEM products [9] and in a probe-forming lens system. A remarkable report was also made [10] on the Cs corrector built in a probe-forming lens system. The advanced resolving power with a Cs corrector has been demonstrated in the field of a material science revealing the sub-angstrom structure of a crystallized specimen, especially with the STEM corrector [11, 12] . Regarding the resolving power, STEM has an advantage over the TEM because of its less image degradation due to the chromatic aberration, which is the next dominant one after the Cs correction. As for the analysis, the utilization of Cs corrector in STEMs is spreading rapidly because of the large probe current with small probe size, due to the extended allowable size of the aperture in probe-forming lens system.
One of the problems in Cs correcting systems is higher order parasitic aberrations. These aberrations, which cause undesirable disturbance when imaging at sub-Angstrom resolution, originate from imperfections in the axial symmetry of the multipoles and round lenses. A Cs correction system was developed to reduce these aberrations that employed a demagnifying/magnifying optical system composed of short and long hexapoles connected with an asymmetric transfer doublet in probe/ image-forming lens system. This system minimized higher order and chromatic aberrations [13] . Combined with a 300-kV electron microscope, this asymmetric Cs corrector gave high resolution less than 50 pm [14] .
A hexapole aberration corrector can correct third-order spherical aberration and residual aberration up to the fourth order. However, higher order aberrations, greater than the fourth order, are not completely adjusted by conventional hexapole systems. Consequently, the fifth-order aberration of 6-fold symmetry is dominant among residual aberrations in the corrector, and it is a limitation factor for the phase thus far, until it will be corrected. Thus, 6-fold astigmatism is the next correction target, and the correction of the astigmatism is expected to allow a larger uniform phase for further high-resolution observations. The correction of higher order aberrations is important, especially at low acceleration voltages, at which larger corrected angle is required to overcome the diffraction limit because of the longer wavelength. A method for compensating 6-fold astigmatism using a double hexapole field was previously reported [15] . To solve the problem in another way, we have developed a Cs corrector that uses triple dodecapoles [16, 17] . The correction of 6-fold astigmatism has been demonstrated experimentally using Ronchigrams in a STEM and in TEM using diffractogram tableaus [16, 17] .
The geometrical aberrations such as spherical aberration or 6-fold astigmatism are corrected and no longer the main factor that prevents the theoretical resolution being achieved. Resolution improvement, particularly in TEMs, now requires correction of chromatic aberrations of the OL. As a chromatic aberration of round lens is an aberration of first order, the field of a second order is required to correct Cc. Scherzer [2] employed quadrupole field utilizing first-order deflection as the primary mechanism for Cc correction. Attempts have been made to develop such a Cc corrector for TEM [18] . In 2009, Kabius et al. [19] reported the first successful TEM with a resolution of 0.1 nm at 80 kV. All the methods reported thus far have used 2-fold symmetry, where a diverging dispersion was applied to the x or y trajectory, and a converging power was applied to the y or x trajectory, whereby a line-focus optical system was realized. In such an optical system, the Cc can be corrected by applying a divergent electric quadrupole field at each z correction plane to each x or y trajectory.
Another simpler method to correct Cc involves the use of a concave lens with a round divergence power. Realization of the use of concave lenses for Cc correction optics has not been reported in the past literatures yet. The reason for this may be that there is no harmonic function corresponding to a concave lens; for first-order deflection, Laplace's equation only allows a convex lens or 2-fold astigmatism.
Through the consideration of Cc correction, we found that a long quadrupole field exhibits firstorder defocusing. We call this the combination concave effect. We propose a new Cc correction system that utilizes the combination concave effect in this paper. By varying the length and strength of a long quadrupole field, it is possible to produce a concave lens. This concave lens can result in a defocus spread of the imaging electrons with the opposite dispersion to that of the OL. In this Cc corrector, the focal length of the concave lens is selected to make a negative Cc. To achieve enough amount of negative Cc and to avoid large displacement of the electron trajectory from the optical axis, we prepared two long quadrupole fields, produced by simultaneous electric and magnetic excitations, and two quadrupoles are connected with a transfer doublet. With this configuration, the 2-fold astigmatism generated in the first quadrupole field is canceled out by the second quadrupole field.
In this paper, we first explain the partly reported asymmetric Cs corrector that reduces the higher order parasitic aberrations and chromatic aberration effectively [13] . We next explain the principle of our proposed Cs corrector that can compensate 6-fold astigmatism (A 6 ) [16, 17] . Finally, we explain the development of the new Cc corrector that first utilizes combination concave lens effect.
Development of the Cs correctors Development of an asymmetric Cs corrector
Theory, design and experimental setup Figure 1 shows a ray diagram of TEM and STEM Cs correctors for a 300-kV electron microscope [13] . The STEM Cs corrector is placed between the condenser lens and the demagnifying doublet that is composed of condenser mini-lenses (CM1 and CM2) is placed above the OL. The imaging Cs corrector is placed between the post corrector lens and the magnifying objective mini-lens doublet (OM1 and OM2). This configuration allows spherical-aberration-free STEM and TEM imaging. Figure 2 shows the configuration of the Cs corrector for a STEM. The Cs corrector has two multipole elements (MP1 and MP2) with different lengths (Z S and Z L ) that are connected with a demagnifying doublet (TL1 and TL2). In addition, there is a weak round lens (TL3) placed in the middle of the doublet for rotation and displacement adjustment.
This Cs corrector basically works in the same way as the hexapole corrector devised by Rose [7] . The multipole elements (MP1, MP2) have 12 magnetic poles (dodecapole) and generate hexapole fields. The hexapole field on each element is coupled by a transfer doublet so that the large 3-fold astigmatism (A 3 ) is canceled out and the negative Cs (O 4 ) is introduced. The weak lens (TL3) adjusts the angular rotation and displacement of the hexapole fields to complete the cancellation of 3-fold aberration in second and fourth order. Octupole, quadrupole and dipole fields are generated by superposing a dodecapole on the main hexapole field, to cancel undesired parasitic aberrations that are caused by deviation from the ideal hexapole field. The Cs corrector used here has an asymmetric geometry (Fig. 2) . Two multipole elements (MP1 and MP2) are excited at different strengths according to the different focal lengths (f S and f L in Fig. 2 ) of the transfer doublet. This asymmetric geometry is advantageous for demagnification of the probe by f S /f L and for removal of undesired parasitic aberrations by (
where m is the order of geometrical aberrations) with respect to Cs required for the correction [13] . The asymmetric geometry also suppresses the additional increment in the chromatic aberration (ΔCc) due to the Cs corrector. In this configuration, the optical system has to satisfy two conditions [20] . First, Z S and Z L must fulfill the longitudinal magnification condition that is given by The correction power of the hexapole (Csc) is determined using the following equation:
where f is the focal distance of the lens to be corrected, Z S is the length of the multipole element taken along the optical axis, µ 0 is the magnetic permeability of vacuum, Ni S is the coil current through the multipole element, R is the magnetic rigidity of the electrons, b is the bore radius of the multipole element and M is the magnification from MP2 to OL by CMl and CM2. As a second characteristic, the second transfer doublet, between the corrector and OL, is composed of two lenses whose focal lengths are also different each other more than two times. As a result, the magnification of the principal plane of the multipole to the coma-free plane of the OL (a CM ¼ M) is greater than one (Fig. 2) . The nth-order aberration from the corrector is transformed by the compression coefficient 1/(a CM ) n+1 to the object plane, whereas the third-order Cs correction power is compressed with the compression coefficient 1/(a CM ) 4 . The reduced Cs correction power is recovered with higher excitation and smaller bore radius of the multipoles. It should be noted that because spherical combination aberrations produced by the hexapole corrector are more sensitive to the excitation (proportional to Ni 2 S ) and bore radius (proportional to 1/b 6 ) than higher order parasitic aberrations, and the compression of parasitic aberrations works more effectively for higher order aberrations. Using three-dimensional finite element analysis of the magnetic circuit, the parameters of the corrector were optimized to have a sufficiently large correction power. The corrector is expected to operate with smaller parasitic aberrations. Figure 3 shows the Ronchigrams [21] of an amorphous carbon film before (Fig. 3a) and after ( Fig. 3b ) Cs correction. The Ronchigrams were obtained with a 300-kV TEM equipped with TEM and STEM Cs correctors. The circular area, with uniform contrast, is the area of infinite magnification. The infinite magnification circle extends from α = 11 mrad (half angle) to α ¼ 42 mrad after correction. By tuning the aberration parameters, the converged angle could exceed 40 mrad for STEM imaging. The aberrations were calculated from the Ronchigram using the SRAM method [22] . The resulted values are listed in Table 1 (a). The Cs of the OL is reduced to 0.5 μm from 0.65 mm after the correction. Figure 4b shows the Zemlin tableau [23] from a series images of an amorphous film obtained using a 300-kV TEM equipped with TEM Cs correctors. The patterns are similar up to 40 mrad, indicating that the angle of uniform phase at the objective aperture has been expanded. The values listed in Table 1 (b) correspond to the aberrations calculated from the Zemlin tableau. The Cs, after correction, is −3.6 μm. The definitions of wave aberrations are listed in Table A1 (Appendix).
Results of the asymmetric Cs corrector
The high-resolution capabilities of an asymmetriccorrector-equipped STEM were reported to be 47 pm using a HAADF STEM image of Ge [114] [14] . whose distance is 63 pm, is clearly resolved. The high-resolution capability of TEM equipped with the asymmetric corrector is demonstrated in Fig. 6 . The figures in Fig. 6 show images of a diamond crystal projected along <110>. The images show that the dumbbell of the C-C, whose distance is 89 pm, is clearly resolved.
Development of Cs corrector with 6-fold astigmatism compensation
Theory Figure 3b shows the Ronchigram after aberration correction using the asymmetric Cs corrector with two hexapoles. The expanded featureless region in the Ronchigram indicates that the spherical and residual aberrations are sufficiently small. The shape of the featureless region exhibits a 6-fold symmetric pattern. When a hexapole-type aberration corrector is employed, 6-fold astigmatism is introduced and becomes the dominant residual aberration [15, 16] . The 6-fold astigmatism A 6 is given by
ð1:5Þ whereÃ 3 is the aberration coefficient per unit length of the electron trajectory by 3-fold astigmatism A 3 . z is the length of the multipole. Magnification between the corrector and OL is M.
To compensate for A 6 , an electron-optical system with three dodecapoles was proposed [16] . With the use of a dodecapole, this system can generate triple hexapole fields (A 31 , A 32 and A 33 ) and can individually set arbitrary azimuths (u 31 , u 32 and u 33 ) among the three hexapole fields. The total value of 3-fold astigmatism can be canceled out by combining the triple 3-fold astigmatism fields of the three dodecapoles by choosing proper strength and azimuth of the hexapole fields.
The negative third-order spherical aberration O 4 of the three dodecapoles is given by The value of jA 6 j and three-lobe aberration jR 5 j has a minimum at 3u 33À31 ¼ 70:5 , where 3u 33À31 ¼ 3u 33 À 3u 31 . The proposed triple dodecapole system corrects not only Cs (O 4 ) but also A 6 using the above rotation relationship between u 31 , u 32 and u 33 . We have termed this optical system dodecapole element triple aberration (Delta) corrector. Figure 7 shows the calculated trajectory (Fig. 7a ) and a schematic diagram (Fig. 7b) of the Delta system. The trajectory at each convergence angle is shown. Each angle corresponds to a convergence semi-angle on a specimen assuming that the focal length of the OL is 0.9 mm at 60 kV. Only the electron trajectories in the dodecapoles are shown to avoid complexity. A unique feature of this system is that the azimuth of the 3-fold astigmatism is rotated at the second dodecapole and canceled out finally by the third dodecapole.
Experimental results
To experimentally evaluate the above optical system, we designed and developed a Delta corrector equipped with three dodecapoles and two sets of TLs (transfer doublet). The operating acceleration voltage was 60 kV. The correction of higher order aberrations is important, especially for low acceleration voltage electron microscopes, because the diffraction limit is degraded due to longer wavelengths.
To measure the Cs value, a Ronchigram was obtained for an amorphous germanium foil using a CCD camera (Fig. 8) . The contrast-free area of the recorded Ronchigram expanded to 71 mrad. This indicates that a coherently converged angle is extended by the Delta optical system. Table 2(a) lists the measured aberration coefficients from the experimental Ronchigram. A 6 in STEM was measured to be less than 0.1 mm, which gave negligibly small degradation to the final images.
To evaluate the aberrations of the imageforming system, a Zemlin diffractogram tableau was employed [17] . Aberration coefficients for the TEM Delta corrector system were measured at 60 kV (Fig. 9) . The outer diffractograms in the tableau has a small 2-fold astigmatism that is induced by residual 6-fold astigmatism. A 6 is again less than 0.1 mm in TEM [ 
Development of the Cc corrector Theory and experimental setup

Theory Equation of motion in a quadrupole field
The electron trajectory is given by r, where r is a complex parameter and has units of length. r is the conjugate of r, and r 00 is the second derivative with respect to z. The equation of motion of an electron in a quadrupole field can be written as r 00 ¼ C r; ð2:1Þ
where 
A quadrupole is generally used as a stigmator to correct 2-fold astigmatism in electron microscopes. For conventional purposes, strength and length of this quadrupole are very weak and short (in contrast to the long field described below). The change of trajectory of an electron in the field can, therefore, be ignored, and only the slope of the electron needs to be taken into account. Eqs. (2.4) and (2.5) then become r ¼ r 0 and r 0 ¼ r 0 0 þ zr 00 0 , respectively. In this case, the quadrupole acts as the stigmator. For long and/or strong fields, r is no longer constant across the field, and the integrals in Eqs. (2.4) and (2.5) must be taken into account when determining the electron trajectory.
Concave lens produced by a quadrupole field
Successive integration, or a Taylor expansion, can be used to solve Eqs. (2.4) and (2.5). Iterated integration of Eqs. (2.4) and (2.5) using the initial conditions can be performed using mathematical software. Mathematical software is a powerful and effective tool, especially when an equation contains many orders of the variable. In this study, we examine the Taylor series of rðzÞ, given by U 
ð2:13Þ
To be precise, the electrostatic quadrupole causes U to vary as a function of r. This effect can result in the aberrations that are added to Eqs. (2.12) and (2.13) (see section Aberrations). The optical characteristics of the long quadrupole field can be extracted from Eqs. (2.12) and (2.13). The linear r 0 and r 0 0 terms have 2-fold symmetry and the same complex sign as C. This means that they are components of 2-fold astigmatism. The linear terms of r 0 and r 0 0 have rotational symmetry and their signs are always positive which means that they are components of a concave lens. Therefore, the effect of the quadrupole interaction [Eqs. (2.12) and (2.13)] on the object plane can be expressed by the geometrical aberration G. Assuming that the deflection plane is transferred to that of the OL by a suitable optical element such as a transfer doublet, G can be written as
ð2:15Þ
where v is the complex angle on the focal plane of the OL, f is the focal length of the OL, Z is the length of the quadrupole field and G df ðvÞ is the geometrical aberration of the concave lens.
ð2:16Þ G A2 ðvÞ is the geometrical aberration caused by the 2-fold astigmatism:
ð2:17Þ
Trajectory. The direction of the fields are given by u 2E , u 2B and C, where The imaginary components of Eqs. (2.24) and (2.25) imply that r s ðzÞ is directed along the y-axis.
Experimental setup
Arrangement of optical elements in the Cc corrector
A schematic diagram of the proposed Cc corrector is shown in Fig. 10 . The Cc corrector consists of two quadrupoles and a transfer doublet that produce two, almost conjugate, fields. The second field is displaced by a distance D from the exact conjugate plane to ensure stigmatic conditions (see section Stigmatic condition). The electric and magnetic components of the field are simultaneously excited in each quadrupole. The opposite force is produced in each quadrupole to avoid large displacements of the electron trajectories. The electric component of the field is slightly larger than the magnetic component. The first and second fields (the two conjugate field) have the same length Z along the z axis and are set to act at 90°to each other. Eqs. (2.16) and (2.17) indicate that the first field introduces a 2-fold astigmatism and a concave lens. The doublet and second field then cancel the astigmatism while preserving the effect of the concave lens. Consequently, the corrector acts as a concave lens. The focal length f c of the lens and its energy dispersion are determined by C in Eq. (2.2) that is controlled by parameters V and Ni. As mentioned in the previous section, both the x and y orbits should be investigated when evaluating the Cc corrector.
x and y orbits in the Cc corrector
The object plane is located at a distance equal to f from the principal plane of the OL. The electrons emitted from the axial point of the specimen initially enter the first quadrupole (QP1). Transfer doublet 1 transfers the asymptotic focal plane of the OL to the deflection plane of QP1. In the first field (u 2E ¼ 0, u 2B ¼ p=4), the x orbit has a divergent shape. This shape can be calculated from Eqs. 
The sign of D is defined to be positive in the direction opposite to electron propagation. L is designed to be negative so that the stigmatic condition is satisfied in the presence of the anti-symmetric quadrupole doublet. The position r hs and slope r ð2:37Þ
Stigmatic condition
The 2-fold astigmatism is canceled at the exit plane of the second quadrupole field and the magnifications along the x and y directions are the same, and the so-called stigmatic condition is established, if the following condition is satisfied: 
Cc correction condition
The concave lens forms a virtual image in its focal place at a magnification M, where
A small fluctuation dU in the accelerating voltage causes defocusing by an amount df at the object plane, where
and Cc is the chromatic aberration coefficient of the OL. The Cc correction required for the dispersion of the concave lens to counterbalance df is
This can also be written as The accelerating voltage U of the electron in the quadrupole field is a function of r such that
where U 0 is the voltage to ground ðV ¼ 0Þ. Because U is a function of r, additional aberrations in Eqs. (2.12) and (2.13) are observed. These aberrations can be estimated by taking the two-dimensional Taylor expansion of C in Eq. (2.2). Expanding U
À1
and U Àð1=2Þ gives
50Þ
The relativistic factors are 2gU
ð2:52Þ
For r ¼ f v; u 2E ¼ 0 and u 2B ¼ p=4, C, which defines the quadrupole field, becomes 
ð2:53Þ
Higher terms result in aberration effects that give rise to geometrical aberrations A in the object plane, where
ðfifth À order aberration with 2 À fold symmetryÞ
ð2:54Þ C 0 , C 1 , C 2 , C 3 and C 4 are the aberration coefficients that have units of length and are given by The aberration coefficients C 0 -C 4 , given above, are for a single quadrupole field. E and B change their signs between the first and second fields. Consequently, C 0 is zero at the exit of the second field, which is a requirement for the corrector. C 1 and C 2 depend on the Cc correction conditions and are generally several tens of micrometers. The proposed corrector has octupole coils to compensate for C 2 . C 3 and C 4 are negligibly small and they are canceled for the same reason as C 0 .
Correction voltage and number of ampere turns
There are many V and Ni values that satisfy Eq. (2.45) for Cc correction. Tables 3 and 4 give examples of these values for a corrector with Z ¼ 80 mm and b ¼ 2.5 mm. In Table 3 , U ¼ 30 kV, f ¼ 0.75 mm and Cc ¼ 0.6 mm; in Table 4 , U ¼ 200 kV, f ¼ 2.3 mm and Cc ¼ 1.5 mm.
When designing a Cc corrector, any pair of V and Ni given in Tables 3 and 4 can be used to obtain Cc correction for corresponding accelerating voltages. A smaller V is technically advantageous, as low voltages are easier to handle. On the other hand, a larger V is optically advantageous, as the focal length is longer and the deviation in the electron trajectory is smaller. The larger values of V and Ni produce a large derivative in Eq. (2.45) so that the left-hand side of Eq. (2.45) is sufficiently large to compensate Cc by a concave lens with a long focal length. This is preferable, provided that the system is stable, particularly the electrostatic poles. Figures 11 and 12 show the electron trajectories in the quadrupole field for U ¼ 30 kV, V ¼ 5000 V and Ni ¼ −40.06 and for U ¼ 200 kV, V ¼ 9000 V and Ni ¼ −33.02, respectively.
The Cs by each field in the corrector is given by Eq. (2.56). These aberrations have the same sign as the Cs of the OL. However, the magnitude of the spherical aberrations of the corrector is negligible in comparison to that of a conventional OL (Tables 3 and 4) .
Experimental results
A Cc corrector was developed based on the above principles. The corrector was designed to have a maximum quadrupole voltage of 5 kV. Preliminary experiments reveal that the electric poles can withstand a voltage of up to 10 kV. The corrector performance was tested using a TEM modified for low voltages. The maximum accelerating voltage of the TEM was set to 30 kV because the TEM was designed for damage-free observation of carbon materials. The TEM had a Schottky gun with an energy spread of about 0.7 eV. The original OL had Cs ¼ 0.6 mm, Cc ¼ 0.6 mm and f ¼ 0.75 mm at U ¼ 30 kV. Figures 13 and 14 show the experimental results. Figure 13 shows a series of images of amorphous Ge without Cc correction taken at various accelerating voltages. The images show the defocus variations. These variations result from chromatic aberrations of the OL with intentionally varying the energy. The center column shows the image and diffractogram obtained at 30 kV. The left and right images were obtained for energies shifted by −25 V and +25 V, respectively. Eq. (2.43) was used to calculate the Cc value from the defocus variation. Cc was found to be 0.75 mm. This is 0.15 mm higher than the original Cc value. This increase was caused by the two sets of transfer doublets shown in Fig. 10 . When the quadrupole fields are turned on and Cc correction was performed (for an electrostatic voltage of 4.8 kV), no noticeable focus variation is seen between the three different energies (Fig. 14) . Based on Eq. (2.43), the defocus values are positive for under-focused images (Figs. 13 and 14) . The corrected Cc value is measured to be less than 0.02 mm. 
Discussion
The Cc corrector reported in this section transfers the energy dispersion of f c to the object plane and cancels the Cc of the OL. The values of f c and its derivative with respect to U can be varied by mixing the electric and magnetic quadrupole fields while still satisfying the Cc correction condition. Cc correction at longer f c is preferable because alignment of the beam to the corrector is easier. Dodecapoles were used to produce the quadrupole fields. This made it possible to superimpose the hexapole field by adding the necessary coils. Given the similar optical element arrangement of the optical element in comparison with the hexapole type Cs corrector, simultaneous corrector of Cs and Cc can be designed, by choosing the longer f c to avoid the extra combination effects between quadrupole and hexapole fields. In the concave lens Cc corrector described above, the correction force is imparted for any electron orbit. As a result, the correction plane can be defined and simply transferred to the correction plane and the back focal plane. The optical coincidence for the correction plane ensures that undesirable aberrations are kept to a minimum. According to Eq. (2.16), the component of the concave lens is a series of lenses with increasing dipersion. Higher order terms have larger dispersion of the focal length f c in comparison to that of an OL. Using these effects, a Cc corrector could also be realized using only the magnetic quadrupoles, provided the system allows for a shorter f c .
Conclusions
The development of an asymmetric spherical aberration corrector was described for a probe-forming system. Non-equivalent multipoles were used to diminish undesired parasitic aberrations. The axial aberrations, excluding A 6 , were corrected up to the fifth order.
A spherical aberration system was described, where correction was achieved using three dodecapoles, where total 3-fold astigmatism was compensated for using 3-fold astigmatisms. The optimum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rotation relationship between the three hexapole fields for the compensation of 6-fold astigmatism was derived. The experimental results confirm the compensation of 6-fold astigmatism and third-order spherical aberrations.
The development of a chromatic aberration corrector was described. The novel method presented here for chromatic aberration correction used a concave lens formed by a long quadrupole field. The performance of the corrector was investigated using a 30-kV TEM. The results confirm that chromatic aberration correction was achieved. Simultaneous correction of both spherical and chromatinic aberrations by combination of Cs and Cc correctors is currently being investigated with an expected sub-angstrom resolution at 30 kV.
Through the developments discussed here, major aberrations, which were obstacles to prevent the extension of resolution, were successfully compensated for or reduced. For experimental realization of these correctors, it was required to have stable power supplies that had not previously existed in electron microscopes.
